To elucidate the mechanisms whereby changes in dietary composition affect the action of insulin on glucose metabolism, insulin binding and glucose uptake and oxidation have been studied in epididymal fat pad adipocytes from rats fed high glucose diets for 5 and 10 days. After 5 days, insulin binding was increased, due mainly to an increased number of receptors (3.4 • 105 vs. 2.4 • 105 sites per cell) in spite of increased plasma insulin levels (3.0 + 0.2 vs. 2.1 + 0.1 ~tg/l; p <0.05). The maximal response of glucose oxidation to insulin was increased (925 + 55 vs. 510 + 58 n moles/2 • 105 cells/2h; p <0.01) and the dose-response curve of glucose uptake was shifted to the left. After 10 days, receptor number decreased to the control level and the effect of insulin on glucose uptake and oxidation (% basal) were similar to controls. Thus, in the early L stage of high glucose feeding, insulin receptor number, insulin sensitivity of glucose uptake, and insulin responsiveness of glucose oxidation were increased.
A change in dietary composition has been shown to induce a major change in glucose metabolism and insulin action in man [1, 2, 3] . In rats high glucose diets lead to an increase in insulin effect on the glucose metabolism of adipocytes [4] . In spite of this increased insulin effect of high glucose diets, insulin binding has been reported to be decreased as compared with animals on standard rat chow after 10 days of feeding, and this decreased insulin binding was comparable to that of rats fed high fat diets for 10 days [4] . On the other hand, after 5 to 7 days of feeding with high fat diets there is a decrease in insulin binding as compared with high glucose diets [5] . However, the results in these studies were not compared with those from rats fed control diets. Thus, not only the dietary composition but also the duration of feeding may be important in respect of both insulin binding and the effect of insulin on glucose metabolism. The composition of the diets with which rats have been fed before the start of the experiments will also be important. In order to elucidate the mechanisms whereby changes in dietary composition affect the action of insulin upon glucose metabolism, we have used rats fed control diets after weaning and have studied insulin binding, glucose uptake, and glucose metabolism in isolated rat adipocytes from rats fed high glucose diets for 5 and 10 days and compared them with rats fed control diets.
Methods

Materials
Porcine monocomponent insulin was a gift of Eli Lilly and Co. (Indianapolis Ind.) by courtesy of Dr. Horsley. 125f-labelled Na, 
Animals and Diets
Male Wistar rats fed a standard rat chow after weaning were used at a starting weight of 110-130 g. They were fed high glucose diets or the standard rat chow ad libitum for five or ten days. The high glucose diets contained (by calories) 67% glucose and 33% casein, 
Preparation of Isolated Adipocytes
All the rats were killed by decapitation at 1100 to 1130 h without fasting. Isolated adipocytes were prepared from epididymal fat pads by shaking at 37 ~ for 60 rain in Krebs-Ringer-bicarbonate buffer (calcium 1.4 mmol/1, pH 7.4) containing collagenase (2 mg/ ml) and bovine serum albumin (10mg/ml), according to the methods of Rodbell [6] . After osmium tetroxide fixation [7] , adipocytes counts were performed with a Coulter counter (model 2B) and adipocyte size was determined with a calibrated microscope.
Iodination of Insulin
Porcine insulin was iodinated by lactoperoxidase to a specific activity of 150-200 ,aCi/~tg, as described previously [8] .
Insulin Binding Studies
Isolated fat cells were suspended in Krebs-Ringer-bicarbonate buffer containing bovine serum albumin (10 mg/ml, pH 7.4) and incubated with 125I-labelled insulin (0.5 ng/ml) and unlabelled insulin in 3 ml plastic test tubes in a shaking water bath at 24 ~ A steady state for binding conditions was achieved after 45 min of incubation in both groups. Therefore, in all experiments, incubations were terminated after 45 min by removing 200 ~tl aliquots and by rapidly centrifuging the cells in plastic microcentrifuge tubes (capacity, 450 bl) containing 100 ~1 dinonyl phthalate [9] . After centrifugation, the fat cells were packed in a layer over the dinonyl phthalate oil, which had a specific gravity intermediate between those of the buffer and the fat cells. The tubes were cut through the oil layer, and the radioactivity present in the fat cells was determined. All the data were corrected for non-specific binding by subtracting the amount of radioactivity remaining bound in 469 the presence of 10 Bxg/ml porcine insulin from the amount of radioactivity in the cell layer at all other insulin concentrations. 
Glucose Uptake Studies
Glucose uptake studies were performed using the same cell-centrifugation technique as described for the binding studies. Isolated adipocytes were preincubated with or without insulin for 45 min at 24~ and then were incubated with 2-deoxy-[1-14C]-D-glucose (specific activity 1 Ci/mol) at a concentration of 0.2 mmol/1 in Krebs-Ringer-bicarbonate buffer, pH 7.4, containing bovine serum albumin (10 mg/ml) at 24~ The assay was terminated at the end of a 3 min incubation by transferring 200 ~tl aliquots from the assay mixture into plastic microcentrifuge tubes containing 100 ~tl of dinonyl phthalate and rapidly centrifuging the cells as described by Olefsky [10] . The incubation was considered terminated at the instant that centrifugation began. The amount of 2-deoxyglucose trapped in the extracellular water space of the cell layers was determined with [U-14C]-sucrose [11] ; all data for 2-deoxyglucose uptake were corrected for this factor.
Studies of Glucose Oxidation and Lipogenesis
The ability of adipocytes to oxidize glucose was measured essentially as described by Rodbell [6] . The adipocytes were incubated at 37~ with [1-14C] glucose at a total glucose concentration of 3 mmol/1 in Krebs-Ringer-bicarbonate buffer, pH 7.4, containing bovine serum albumin (10 mg/ml). After 2 h of incubation the 14CO2 generated was absorbed onto filter paper steeped in Hyamin-10X and counted in a liquid scintillation counter. Glucose conversion to total lipids, glyceride-glycerol, and fatty acids was determined as described by Rodbell [6] . Glucose converted to glyceride-glycerol was calculated by subtracting the radioactivity in fatty acids from that in total lipids.
Statistical Analysis
The significance of the difference was examined by Student's t test for non-paired samples. P values of 0.05 or less were taken as significant, and the results are expressed as mean _+ SEM.
Results
Experimental Animals
Some of the physiological characteristics of the experimental animals are given in Table 1 . After five days of feeding, epididymal fat pad weight, fat-cell size, and plasma insulin levels were significantly increased in rats fed with high glucose diets but plasma glucose levels were similar. After ten days of feeding, no significant differences in fat-cell size and plasma glucose levels were found between the two groups, while plasma insulin levels were still elevated in the high glucose fed rats. Figure 1 shows the binding of insulin to adipocytes obtained from the two groups of rats after five days ~ 4o0. of feeding. Adipocytes from the high glucose fed rats bound significantly more insulin at all insulin con-~ 3oo-centrations than those from the control rats. At the "-" "-(3 lowest insulin concentration investigated (0.5 ng/ml), ~ 200-specific insulin binding was 3.1 + 0.1% on the conn~ trol diet and 3.5 + 0.1% on the high glucose diet . c__ 100-(5 x 105cells/ml, mean _ + SEM of ten separate -5 experiments, P <0.05). Figure 2A shows the Scatch_c ard plots for these insulin-binding data. The curve 0 from the high glucose fed rats is placed above that of the control rats. Although the curve from the high glucose fed rats is somewhat less steep in the region of low insulin concentrations, the two curves were parallel at higher concentrations. These findings indicate that the increased insulin binding of adipocytes from the high glucose fed rats was due to an increase in the number of adipocyte insulin receptors with almost no change in receptor affinitiy for insulin. As calculated from the Scatchard plots, the mean number of receptor sites per cell is: control, 
Insufin Binding Studies
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After ten days of high glucose feeding, the \ "O amount of insulin bound and the number of receptor ~ 0 02 O sites per cell were decreased to the control levels m (Fig. 2B) .
Glucose Uptake Studies
Glucose uptake was measured by using the glucose analogue 2-deoxyglucose which is transported by the same carrier as D-glucose and is phosphorylated but cannot be further metabolized. Time-course experiments have shown that uptake is linear with time for at least 7 min in both control and high glucose groups with 10 ng/ml of insulin or without insulin (data not shown). It has been reported that the phosphorylation step may not be rate-limiting when measuring 2-deoxyglucose uptake [12] and we have also ascertained this in adipocytes from both control and streptozitocin diabetic rats [13] . However, recently some questions have been raised about the relative rates of transport and phosphorylation [14] . We have therefore, designated this a measurement of glucose uptake rather than transport per se. Insulin Concentration (ng/ml) Fig. 3 . Effect of insulin on 2-deoxyglucose uptake by adipocytes after 5 days of feeding. A, Adipocytes from rats fed control (0), or high glucose ( 9 diet were preincubated for 45 rain, then uptake of 2-deoxyglucose was measured following a 3-rain incubation as indicated in the text. Data represent the mean _+ SEM of six separate experiments. B, Data in figure 3A were plotted as % of maximal insulin effect. This is calculated by dividing the increment in the 2-deoxyglucose uptake (absolute value -basal) at the indicated insulin concentration by the maximum increment in the uptake (at 25 ng/ml). *P <0.05, **P<0.01 compared with controls .05 compared with controls stimulated 2-deoxyglucose uptake were significantly increased in adipocytes from the high glucose fed rats. To examine sensitivity to insulin, the data in Figure 3 A was calculated as % maximal insulin effect (Fig. 3 B) . The dose-response curve was shifted to the left. Figure 4 A represents the 2-deoxyglucose uptake after 10 days of feeding. When analyzed as % maximal insulin effect (Fig. 4B) , no significant differences were found between the two groups. Figure 5A shows basal and insulin-stimulated glucose oxidation in adipocytes from the two groups after 5 days of feeding. There was no significant difference in basal glucose oxidation, but the absolute rates of insulin-stimulated glucose oxidation were markedly increased on the high-glucose diet at insulin concentrations of 1.0 ng/ml or more.
Studies of Glucose Oxidation and Lipogenesis
After 10 days of feeding both basal and insulinstimulated glucose oxidation were increased (Fig. 5 B) . However, when the data were analyzed as percent of basal, there was no significant difference between the two groups. Table 2 shows the incorporation of [1J4C]glucose into total lipids, glyceride-glycerol, and fatty acids after five days of the diets. Insulin-stimulated fattyacid synthesis was markedly increased on the high glucose diet, even when analyzed as percent of basal.
Discussion
When compared to rats on a control diet, animals after 5 days of feeding with a high glucose diet showed significant elevations of both plasma insulin levels and insulin binding to adipocytes. The latter is probably due solely to an increased number of insulin A, Adipocytes from rats fed control (0), or high glucos ( 9 diet for 5 days were incubated for 2 h at 37~ with a final glucose concentration of 3 mmol/l with or without insulin and generated 14CO2 was measured as indicated in the text. Data represent mean + SEM of six separate experiments. B, Generated ~4CO 2 by adipocytes from rats fed control (0), or high glucose ( 9 diet for 10 days. Data represent mean _+ SEM of four separate experiments. 9 P <0.05, **P <0.01 compared with controls receptors. This finding is in contrast to the generally recognized concept that the number of insulin receptors is reciprocally regulated by insulin in vivo [13, [15] [16] [17] and in vitro [18] . Recently, some exceptions have been reported [19] [20] [21] . We have found increased insulin receptors per cell in spite of increased insulin levels in ventromedial hypothalamus (VMH) lesioned rats which are markedly hyperinsulinaemic (unpublished observations). Increased insulin receptors per cell were also found in adipocytes from Zucker obese rats which are markedly hyperinsulinaemic at 6 weeks [22] weeks [23] of age. Although insulin receptor density per cell surface area and sensitivity of glucose transport to insulin has been reported to be decreased in 6 and 10 week old Zucker obese rats, we have found increased receptor density per cell surface area and increased sensitivity of glucose uptake to insulin after 5 days of feeding with a high glucose diet. This appa rent relationship between sensitivity of glucose transport or uptake to insulin and insulin receptor density per cell surface area seems reasonable, since glucose transport is thought to be a cell membrane function. After 5 days of feeding with a high glucose diet, insulin-stimulated glucose oxidation was significantly increased without any change in the basal rate. These findings represent an increased responsiveness of glucose oxidation to insulin according to Kahn [24] . After 10 days of feeding with a high glucose diet, the effect of insulin on glucose oxidation, when analyzed as percent of basal because of different basal rates, was similar to that seen on the control diet.
As shown in our study, during the early phase of high glucose feeding (in this study, 5 days), plasma insulin levels, insulin-receptor number, and the absolute rates of insulin-stimulated glucose uptake and glucose oxidation are all increased. We have found the same trends in adipocytes from rats developing obesity seven days after receiving ventromedial hypothalamic lesions (unpublished observations). These results suggest that adipocytes exposed to hyperinsulinaemia for a certain period of time, whether caused by diet or by VMH lesions, show increased response to insulin in respect of prereceptor, receptor and post-receptor in the early stage of developing adipocity. In fact, after 5 days of feeding with the high glucose diet, insulin stimulated incorporation of glucose into cell lipids was significantly increased and fat-pad weight and fat cell size were greater than with the control diet.
Recently, the effects of short term (5 days) and long term (2 weeks) high carbohydrate diets on insulin binding by human adipocytes have been reported [25] . Insulin binding was decreased due to a decrease in affinity after 5 days of feeding. Our results are not consistent with this report. It may be due to the differences of species, age (we used relatively young rats) and dietary composition (we used high glucose, no fat diets).
Since adipocytes from rats fed high glucose no fat diets do not have a dietary source of fatty acids, increased fatty acids synthesis in the high-glucose groups might be due to an adaptative mechanism. It has been reported that fatty acid synthesis plays a primary role in insulin sensitivity of rat adipocytes [26] . Therefore, it may be speculated that zero fat content in the diet may have relevance to our findings through such a mechanism. However, more studies will be needed to clarify this point.
Our results after 10 days of feeding with the high glucose diet are in almost complete agreement with those of the previous report [4] except for the insulin binding data. In that report, the number of receptors on adipocytes after a high glucose diet for 10 days was less than after a control diet. This difference in results might be due to the different dietary compositions of the control diets. The present study demonstrated that the insulin-receptor number was decreased after 10 days of the diet when compared to after 5 days of the diet, a change which may be due to "down regulation" by insulin. A minimal duration of hyperinsulinaemia may be necessary for "down regulation" of the number of insulin receptors to occur [27] . The duration of 10 days of feeding in our study may not have been long enough to decrease the insulin-receptor number to below control levels.
Many of the previous studies upon the effects of dietary manipulation upon insulin binding and action were cross-sectional. However, it has been shown that time is an important factor in the establishment of insulin resistance in hypothalamic obese mice [28] . Our results show that the duration of feeding is also important in studying the effect of dietary composition upon insulin binding and action.
The present study has not elucidated the mechanisms of changes in the number of adipocyte insulin receptors caused by high-glucose feeding and whether changes in the effect of insulin are also found in other metabolic pathways affected by insulin, such as protein and nucleic acid metabolism; these remain to be determined in the future.
